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A series of phosphomolybdic acid (MPA) with varying content, incorporated into the mesoporous zirconia (ZMPA) 
catalysts have been prepared by surfactant-assisted sol-gel copolymerization technique. These catalysts have been evaluated 
for selective dehydration of fructose to 5-hydroxymethyl furfural (HMF). The catalysts have been characterized by X-ray 
diffraction, nitrogen physisorption, Fourer-transform infrared spectroscopy, temperature programmed disorption, pyridine 
adsorbed FT-infrared spectroscopy and transmssion electron microscopy. The characterization results suggest that these 
catalysts possess ordered mesoporous structure with Keggin heteropoly molybdate. Moreover the incorporation of 
phosphomolybdic acid into mesoporous zirconia resulted in the generaton of more number of strong acidic sites. These 
catalysts exhibited about 80% HMF yield within 30 min of reaction time. The existence of relatively strong interactions 
between the MPA Keggin units with ZrO2 mesoporous structure played a crucial role in fabricating the stable heterogeneous 
catalyst. This catalyst has been found to be reusable with constant activity. 
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Renewable biomass resources are promising 
alternatives for sustainable supply of liquid fuels and 
chemicals. One of the top building-block chemicals 
derived from biomass is 5-hydroxymethylfurfural 
(HMF). It is a versatile intermediate for synthesis  
of fine chemicals, pharmaceuticals, plastic  
resins, fuels and etc1-3. It has been reported that  
HMF could be synthesised from fructose which is 
obtained directly from biomass or by isomerization 
of glucose. The study of catalytic dehydration of 
fructose into HMF has received considerable 
attention in recent times4-6. Many acid catalysts have 
been investigated for this important transformation, 
including mineral or organic acids, zeolites, metal 
ions, acidic ionic liquids, and acidic resins7,8. 
Homogenous acids show inherent drawbacks in 
product separation and equipment corrosion. Solid 
acids suffer from low catalytic performance as well 
as long reaction times. In the case of acidic  
resins, reaction temperature is strictly limited  
due to their thermal stability. Therefore, developing 
more environmental friendly and active solid  
acid catalysts to replace the liquid acid catalysts  
is highly desired9-12. 
Heterogeneous catalysts may provide an efficient 
methodology for biomass conversion allowing for 
high reaction rates and selectivity of the target 
products. The catalytic conversion of biomass to 
promising chemicals over solid catalysts has received 
much attention in recent years13-15. Heteropolyacids 
(HPA) are known to be active catalysts for many acid 
catalyzed reactions. HPAs have proved to be one of 
the alternatives to traditional acid catalysts due to 
their strong acidity, as they possess readily available 
protons in their Keggin structure. HPAs are widely 
used as catalysts in a number of homogeneous, 
heterogeneous acid and redox type catalytic reactions, 
due to their specific physicochemical properties such 
as high acidity and oxidizing properties16. The major 
disadvantages of HPA as catalyst lie in their low 
thermal stability and low surface area. HPAs 
supporting on acidic supports not only enhance 
acidity but also thermal stability. Moreover, HPAs 
can be made insoluble by supporting them on solid 
support. The support provides an opportunity for 
HPAs to be dispersed over a large surface area, which 
results in increased catalytic activity. Various 
supports like silica17,18, titania19,20, active carbon21, 




niobia22,23, zirconia24,25, alumina26, MCM-4127,28 and 
acidic ion exchange resins29 have been used for 
supporting HPAs. 
Zirconia (ZrO2) has received considerable attention 
because of its semiconducting properties, high thermal 
stability, reducing character and acid-base bifunctional 
nature30,31. Owing to these features, zirconia-based 
materials are potentially applicable in redox and photo-
catalysis. Recent studies have indicated that 
mesoporous zirconia is suitable for supporting HPA 
anions via relatively strong chemical bonds32-34. HPA 
clusters immobilized on ZrO2 can exhibit strong acid 
and redox character35. The objective of the present 
study is to prepare mesoporous-ZrO2-phosphomolybdic 
acid nano composites by a one pot method and evaluate 
their catalytic performance in selective conversion of 
fructose into HMF. The relation between composite 
surface-structure characterizations with that of fructose 
dehydration activity has been studied. The optimization 
of reaction parameters such as catalyst weight, reaction 
temperature, time and reusability of catalyst is also one 
of the aims of the present study. 
 
Materials and Methods 
 
Preparation of mesoporous ZrO2-MPA nanocomposites 
Mesoporous zirconia and its MPA composites were 
prepared according to a reported method36. In a typical 
synthesis, 0.5 g of Pluronic F127 (Sigma Aldrich) was 
dissolved in anhydrous ethanol (SD Fine Chem 
Limited) until it formed a clear solution. Then, a 1.6 g 
of ZrOCl2.8H2O (Sigma-Aldrich) was added to the 
surfactant solution and the mixture was stirred 
vigorously for 2 h at room temperature. After this, a 
clear solution of MPA (Sigma Aldrich) in ethanol was 
added drop wise and the resulting mixture was stirred 
at room temperature for another 10 min. The 
homogeneous solution underwent solvent evaporation 
at 40 °C for 3 days and the foam-like product was dried 
at 100 °C under vacuum for 12 h. The template was 
removed by step wise calcinations with a heating rate 
of 0.5 °C min−1 at 250 °C for 4 h and then, at 350 °C 
for 2 h in air. The resultant solid product was 
designated as ZMPA (w), where w represents the 
percentage weight of MPA. 
 
Characterization of catalysts 
X-Ray powder diffraction patterns were recorded 
on Ultima-IV (M/s. Rigaku Corporation, Japan) XRD 
unit operated at a voltage of 40 kV and current of  
40 mA equipped with nickel-filtered Cu-Kα radiation 
(λ = 1.54056 Å). 
The acidity of the catalysts was measured by 
temperature programmed desorption of ammonia 
(TPD–NH3). In a typical experiment, 0.1 g of catalyst 
was loaded and pre-treated in helium atmosphere at 
300 °C for 2 h. After pre-treatment, the temperature 
was brought to 100 °C and the adsorption of NH3 
was carried out by passing a mixture comprising  
10% NH3 and 90% He over the catalyst for 1 h. The 
catalyst surface was then flushed with He, at 100 °C 
for 2 h to flush off the physisorbed NH3. Thereafter, 
TPD of NH3 was carried with a temperature ramp of 
10 °C/min and the desorbed ammonia was monitored 
using a thermal conductivity detector (TCD) of a gas 
chromatograph. 
The FT-IR spectra were recorded on a Shimadzu 
(IR Prestige-21) infrared spectrometer using the  
KBr pellet method in the wave number range of 
4000–400 cm−1, with a resolution of 4 cm−1 at room 
temperature. The pyridine adsorbed FT-IR patterns 
were recorded in the diffuse reflectance infra-red 
Fourier transform (DRIFT) mode. In the characteristic 
experiment, the sample is degassed under vacuum at 
200 °C for 3 h followed by suspending dry pyridine. 
Then, the sample is heated at 120 °C for 1 h, and then 
the spectra of the pyridine-adsorbed sample are 
recorded at room temperature. 
Transmission electron microscopy (TEM) was 
performed using a Phillips TEM CM 200 fitted with a 
LaB6 filament, operating at 200 kV. The samples were 
first softly powdered, than ultrasonicated in ethanol 
and a drop was placed onto the carbon coated copper 
grid, the solvent was then evaporated in an air oven at 
80 °C for 6 h. 
The morphological analyses were performed on a 
JEOL JSM-6360LV scanning electron microscope 
(SEM) equipped with an INCA EDX energy 
dispersive X-ray (EDX) spectroscopy detector. Data 
acquisition was performed with an accelerating 
voltage of 20 kV and 60 s accumulation time. 
The surface areas were calculated from the Brunauer–
Emmett–Teller (BET) equation and pore size 
distributions were calculated using the Barrett–Joyner–
Halenda (BJH) model from the adsorption branch of the 
isotherms carried out at −196 °C on a Quadrasorb-SI 
analyzer (M/s. Quantachrome Instruments, USA).  
Prior to the measurement, the samples were degassed at 
150 °C for 1 h to remove pre-adsorbed gases.  
 
Fructose dehydration procedure  
Fructose dehydration was performed in a 15 mL 
sealed tube. In a typical experiment, 0.36 g of fructose 




dissolved in 5 mL of dimethyl sulfoxide (DMSO) and 
50 mg of catalyst was added. The mixture was heated 
at 120 °C for 30 min, under autogenous pressure. 
After the reaction, the mixture was filtered and then 
decanted into a volumetric flask using water as 
diluent, and the product was analyzed by HITACHI-
HPLC system equipped with binary 2130 pumps, a 
manual sampler, and 2490 refractive index detector, 
maintained at 50 °C. The products were separated in a 
sugar column (250×4.8 mm) ion-exclusion column, 
maintained at 60 °C using water as the mobile phase 
with 0.8 mL/min flow rate. 
 




Powder X-ray diffraction patterns: 
The low angle X-ray diffraction patterns of the 
meso-ZrO2 and ZMPA (w) samples are shown in  
Fig. 1a. A weak and broad reflection in low-angle 
range could be observed for all samples. These peaks 
indicated the 100, 110, 200 Bragg reflections of 
hexagonal p6mm structural arrangement. The 
broadening of the main diffraction peaks of ZPMA (w) 
related to the mesoporous zirconia. The d(100) and unit 
cell parameter values are shown in Table 1, and they 
are in concurrence with earlier reports35. These results 
indicate the presence of mesoporous structure in  
all the ZMPA (w) samples. In Fig. 1b, the wide-angle 
X-ray diffraction patterns of meso-ZrO2 and ZMPA (w) 
samples showed several weak diffraction peaks  
in the 2θ range of 30–75º, which were related to  
the reflections of tetragonal ZrO2 phase (ICDD No.  
88-1007). The determination of the crystallite size of 
ZrO2 is quite complicated but the nano-crystalline 
nature of the tetragonal ZrO2 was evidenced by the 
broadness in the peaks37,38. From the wide angle XRD 
patterns, it could be observed that there are no 
diffraction signals corresponding to heteropoly acid. It 
means the heteropoly acid MPA is in highly dispersed 
form or below the detection limit (~4 nm) of XRD. 
Unifying both these results, the ZrO2-phosphomolybdic 
acid catalysts are termed as nanocomposite catalysts. 
 
Nitrogen physisorption 
In order to understand the pore structure of the 
catalysts, the N2 adsorption-desorption measurements 
were carried out. The adsorption isotherms of the 
samples are shown in Supplementary Data, Fig. S1a. 
The obtained isotherms are almost similar for all 
samples which could be identified as type IV 
according to the IUPAC classification. The H1 and H2 
 
 
Fig. 1 — (a) Small angle XRD patterns and (b) wide angle XRD patterns of meso-ZrO2 and ZMPA samples (meso-ZrO2 (1), ZMPA (20) (2),
ZMPA (25) (3), ZMPA (30) (4), and, ZMPA (35) (5)). 
 
Table 1 — Surface and bulk properties of mesoporous zirconia (meso-ZrO2) and ZMPA (w) composites
 
Sample aSurface area (m2/g) bPore (cc/g-1) c Pore size (nm) dd100  (nm) 
eUnit cell (nm) fWT (nm) 
Meso-ZrO2 77.6 0.08 5.6 11.0 12.7 7.1 
ZMPA (20) 15.5 0.05 5.2 10.9 12.5 7.3 
ZMPA (25) 20.3 0.03 5.0 10.7 12.3 7.3 
ZMPA (30) 30.4 0.02 4.6 10.4 12.0 7.5 
ZMPA (35) 32.6 0.02 4.5 10.2 11.7 7.2 
aBET surface area, b total pore volume at relative pressure p/p0, 
caverage pore size, 
dperiodicity,eunit cell parameter =2½ d(110),fpore wall thickness WT = (3½ a0/2 )-D. 




type hysteresis behaviour of the samples, suggest the 
characteristic of mesoporous materials with well-
defined cylindrical pores39. The capillary condensation 
was observed for the samples within the P/Po range of 
~0.6–0.8 which is the characteristic feature for the 
mesoporous materials. The textural properties of the 
samples are also summarized in Table 1. The 
mesoporous zirconia has BET surface area of 77 m2 g-1 
and a pore volume of 0.08 cm3 g-1. While mesoporous 
ZPMA composites were found to have lower BET 
surface areas in the range 15.5–32.6 m2 g-1 with the 
pore volume in the range of 0.02–0.05 cm3g ̶ 1. The 
mesopore diameter significantly decreased after MPA 
incorporation in the parent mesoporous zirconia due to 
the deposition of MPA inside the mesopores. The pore 
size distribution calculated from the adsorption data 
based on the non-local density function theory 
(NLDFT) analysis of the adsorption branches of meso-
ZrO2and ZMPA (w) composites revealed quite a 
narrow distribution of pore sizes. The pore size 
distributions of the samples shown in Fig. S1b exhibit 
an average pore size of 4.5–5.6 nm. This is a 
characteristic feature of mesopores and confirms the 
presence of uniform mesopores in the present samples.  
 
Fourier transform-infrared (FT-IR) spectroscopy: 
The FT-IR spectra of pure MPA, meso-ZrO2 and 
ZMPA samples are shown in Fig. 2. The absorption 
bands at 1068, 957, 880 and 756 cm-1 could be 
attributed to the presence of P–O, Mo=O, Mo−Ob−Mo 
and Mo−Oc−Mo, of Keggin MPA respectively
36,40. All 
the ZMPA samples exhibited these typical bands 
similar to those of parent MPA, indicating the retention 
of Keggin structure even after the incorporation of 
MPA in meso-ZrO2. In addition, a shift in νas Mo=O of 
MPA from 957 cm−1 to 943 cm−1 in ZMPA (w) 
samples represents the strong interaction between 
zirconia and terminal oxygen of Mo=O, leading to 
lower wave numbers. Further, the presence of distorted 
PO4 central units could be indicated by the intense 
band at 1192 cm−1 of P–O stretching mode, suggesting 
the strong interaction. 
Temperature programmed desorption of ammonia: 
The strength and number of surface acidic sites of 
the samples were investigated by NH3-TPD 
technique. Based on the desorption temperature of 
NH3, the strength of acidic sites are classified into 
weak acidic sites (<250 °C), medium (250–400 °C), 
and strong acidic sites (>400 °C) 41 (results presented 
in Table 2). The synthesized meso-ZrO2 and  
ZMPA (w) samples showed a broad desorption peak 
(not shown here). All the samples showed broad 
desorption peak at low temperature in the range of 
150–250 °C, which corresponds to weak acid sites. In 
addition, ZMPA (w) nanocomposite samples showed 
desorption peaks at 350 to 450 °C and 550 to 650 °C, 
which can be attributed to the medium and strong acid 
sites, respectively. Dispersion of MPA into meso-
ZrO2 framework resulted in a notable increase in the 
number of acid sites. These results clearly indicate the 
formation of a large number of acid sites in ZMPA 
(w) nanocomposites. This is probably due to the effect 
of high dispersion of MPA in meso-ZrO2 
framework42. 
Table 2 — Acid strength distribution of Meso-Zro2 and ZMPA (w) catalysts 
Sample Acidity (mmol/g) Total acidity 
Weak Moderate Strong 
Meso-ZrO2 0.313 0.804 0.484 1.601 
ZMPA (20) 0.283 0.451 1.191 1.926 
ZMPA (25) 0.297 0.482 1.397 2.181 
ZMPA (30) 0.249 0.756 1.670 2.671 
ZMPA (35) 0.250 0.603 2.501 3.354 
 
 
Fig. 2 — FT-IR patterns of meso-ZrO2 and ZMPA samples 
(bulk MPA (1), ZMPA (20) (2), ZMPA (25) (3), ZMPA (30) (4), 
ZMPA (35) (5), and, meso-ZrO2 (6)). 




Pyridine IR spectra 
The pyridine-IR spectra were employed to evaluate 
the types of acidic sites in meso-ZrO2 and ZMPA (w) 
samples. The FT-IR profiles are shown in Fig. 3. All 
the samples exhibited bands at 1441 and 1586 cm−1 
demonstrating the existence of Lewis acid sites in the 
samples. The bands present at 1534 and 1640 cm−1 
were the characteristic bands of pyridinium ion 
bonded to Brønsted acid sites. In addition, the band 
present at 1485 cm−1 was ascribed to both Brønsted 
and Lewis acid sites43. These results indicated that 
both Brønsted and Lewis acid sites existed in  
meso-ZrO2 and ZMPA (w) samples. The Brønsted 
acidity enhanced with the increase of the MPA 
content; indicating that the introduction of MPA 
species improved the Brønsted acidity of ZMPA (w) 
samples. The improved Brønsted acidity might be due 
to the highly dispersed MPA species on ZrO2.  
 
TEM analysis 
The TEM image of meso-ZrO2 and ZMPA (w) 
samples is given in Fig. 4. TEM analysis shows an 
average inter pore distance of ~12.7, 12.5 and ~12.0 nm 
for meso-ZrO2, ZMPA (20) and ZMPA (30) samples 
respectively. The d-spacing corresponding to the 
diffraction rings of the select-area electron diffraction 
(SAED) patterns which are in good agreement with the 
tetragonal crystal structure of ZrO2. 
 
Catalytic activity studies 
 
Effect of MPA loading 
The performances of the catalyst were investigated 
for the dehydration of fructose into 5-hydroxymethyl 
furfural (Scheme 1) and the results are presented in 
 
 
Fig. 3 — Pyridine FT-IR spectra of ZMPA samples (meso-ZrO2 (1),




Fig. 4 — TEM images of (a) meso-ZrO2, (b)ZMPA (20), (c) ZMPA (30), and, (d) SAED of meso-ZrO2. 
 




Supplementary Data, Fig. S2. Mesoporous-ZrO2 
exhibited about 29% HMF yield. While the catalytic 
activity of ZMPA composites showed higher yields 
towards HMF. ZMPA (30) catalyst showed a HMF 
yield of 52% and as the loading of MPA increased on 
ZrO2, the yield of the HMF increased from 52 to 
80.3%. Further, increase in MPA loading to ZMPA 
(35) the yield of the HMF decreased to 71%. The 
remarkable increase in activity from the 20 to 30 wt% 
of MPA on ZrO2, might be due to the well dispersed 
MPA on zirconia, which resulted in the increase in 
acidity. XRD results clearly (Fig. 1b) suggested the 
well dispersed MPA on meso-ZrO2 as XRD patterns 
associated to MPA Keggin ion were absent. These 
activity results can be ascribed due to the difference in 
acidic functionality. The 25 and 30% ZMPA samples 
showed acidity values as 2.18 and 2.67 mmol 
respectively and this acidity might be responsible  
for increase in the yield of HMF. The increased 
acidity of ZMPA (35) catalyst promotes the formation 
of side levulinic acid, resulting in a decrease in the 
yield of HMF. 
 
Effect of reaction temperature  
As the ZMPA (30) sample demonstrated the 
highest catalytic activity, it is selected and studied to 
optimise reaction conditions. The effect of reaction 
temperature on the dehydration of fructose to HMF 
was examined within the temperature range of 80 to 
140 °C over ZMPA (30) catalyst and the results are 
presented in Fig. S3. The reaction temperature played 
a significant role on HMF yield. At 80 °C of reaction 
temperature, the yield of HMF is only 10%. As the 
temperature increased up to 120 °C, the yield 
increased up to a maximum of 80.3%. When the 
reaction temperature increased further to 140 °C, the 
yield of HMF decreased to 70%. The decrease in the 
yield might be due to further hydrolysis of HMF. 
Hence, it can be suggested that the maximum 
selectivity to HMF could be obtained at 120 °C over 
the present catalyst. 
 
 
Effects of reaction time 
The influence of reaction time on the yield of  
HMF catalyzed by ZMPA (30) is shown in Fig. S4. 
The yield of HMF increased gradually from 10 min to 
30 min. The increase in reaction time improved the 
yield of HMF. The maximum HMF yield of 80.3% 
was obtained within 30 minutes. This indicates that 
the present catalyst is highly active as it showed high 
activity within short reaction time. On prolonged 
reaction time, the yield of HMF is decreased due to 
the degradation of HMF. These results are in support 
with earlier reports44. 
 
Effect of catalyst amount 
The influence of catalyst weight on the dehydration 
of fructose to HMF was studied over ZMPA (30) 
catalyst and the results are presented in Fig. S5. The 
yield of HMF gradually increased from 20 to 80.3% as 
the catalyst amount increased from 10 to 50 mg. The 
enhancement in the yield with increase in catalyst 
amount might be due to increase in the accessibility and 
number of active sites in the reaction mixture. Further 
increase in catalyst amount to 75 mg, results in a drop in 
HMF yield to 63%. This suggests that the excess catalyst 
might be promoting polymerization of HMF45. These 
results indicate that 50 mg of catalyst amount is enough 
to attain the maximum yield of HMF. 
 
Recycling of catalyst 
ZMPA (30) catalyst efficiency and stability were 
investigated by conducting recycling experiments 
under optimized reaction conditions and the results 
illustrated in Fig. S6. After the completion of the 
reaction, the catalyst was recovered by centrifugation, 
thoroughly washed with ethanol and dried in an oven 
at 100 °C and used for the next cycle. The catalyst 
retained the catalytic activity even after five cycles 
with a slight decrease in the yield of the HMF from 
80.3% to 75% after the fifth cycle.  
The spent catalyst was characterized by SEM-EDX 
and IR spectroscopy. These results showed no  
change in the morphology and stability of Keggin 
structure of the used catalyst. The FT-IR spectrum 
showed the characteristic of Keggin structure of the 
12-phosphomolybdic acids (Fig. S7). These results 
clearly support the high durability of the ZMPA (30) 
catalyst under the present reaction conditions. The 
catalytic activity of the ZMPA catalysts was 
compared with the reported catalytic systems and 









Meso-ZrO2 and phosphomolybdic acid containing 
mesoporous ZrO2 nanocomposites were successfully 
prepared and systematically characterized. The 
incorporation of MPA into the meso-ZrO2 resulted in 
the enhancement in acidity with accessible active 
sites. NH3-TPD and Py-IR spectroscopy reveal that 
the strength and nature of acidic sites varied with 
change in MPA content on ZrO2. The sample with 
ZMPA (30) is the optimum catalyst for fructose 
dehydration to HMF. Under the optimized conditions, 
ZMPA (30) catalyst showed complete conversion of 
fructose with 80.3% yield of HMF. The catalyst is 
reusable with constant activity. 
 
Supplementary Data 
Supplementary data associated with this article  
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